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Abstract

Several Fe-based amorphous metals were developed with good corrosion resistance.
These materials have been produced as melt-spun ribbons, ingots, and thermal-spray coatings.
Cyclic polarization has been conducted in several aggressive environments, at ambient
temperature, as well as temperatures approaching the boiling points of the test solutions. The
hypothesis that the corrosion resistance of iron-based amorphous metals can be enhanced
through application of heuristic principles related to the additions of chromium, molybdenum,
tungsten has been tested and found to have merit. Chromium (Cr), molybdenum (Mo) and
tungsten (W) provide corrosion resistance; boron (B) enables glass formation; and rare earths
such as yttrium (Y) lower critical cooling rate (CCR). The high boron content of this particular
amorphous metal makes this amorphous alloy an effective neutron absorber, and suitable for
criticality control applications. In general, the corrosion resistance of such iron-based amorphous
metals is maintained at operating temperatures up to the glass transition temperature.

Introduction

The outstanding corrosion that may be possible with amorphous metals was recognized
several years ago [1-3]. Compositions of several iron-based amorphous metals were published,
including several with very good corrosion resistance. Examples included: thermally sprayed
coatings of Fe-10Cr-10-Mo-(C,B), bulk Fe-Cr-Mo-C-B, and Fe-Cr-Mo-C-B-P [4-6]. The
corrosion resistance of an iron-based amorphous alloy with yttrium (Y), FessM014Cr5Y2C15Bg
was also been established [7-9]. Yttrium was added to this alloy to lower the critical cooling rate.
Several nickel-based amorphous metals have been developed that exhibit exceptional corrosion
performance in acids, but have not been included in this study, which is restricted to Fe-based
materials. Very good thermal spray coatings of nickel-based crystalline coatings were deposited
with thermal spray, but appear to have less corrosion resistance than nickel-based amorphous
metals [10].



A family of iron-based amorphous metals with very good corrosion resistance was
developed that can be applied as a protective thermal spray coating. Several promising
formulations within this alloy family were formed by addition chromium (Cr), molybdenum
(Mo), and tungsten (W) for enhanced corrosion resistance, and boron (B) to enable glass
formation and neutron absorption. One of the parent alloys for preparing this series of
amorphous alloys is known as SAM40 (Fes; 3:CrioMn,Mo, sW;7B16C4Sizs) and was originally
developed by Branagan [11-12]. Compositions explored during this study include: SAM35
(F654_5Mn2C1‘15M02W1_5B16C4Si5); SAM40 (Fe52.3Mn2Cr19M02_5W1.7B16C4Si2_5); SAM2X5
(Fe9.7Cr17;Mn; oMo074W 1 6B152C385124); SAM6 (Feq3CrigMo16BsCioP10); SAM7 or SAM1651
(Fe4sMo014Cri5Y2C15Bs); and SAM10 (Fes73Cr21.4Mo026W1sBi69).

As pointed out in the literature, an estimate of the relative pitting resistance of alloys can
be made using the pitting resistance equivalence number (PREN), which is calculated using the
elemental composition of the alloy [13-18]. PREN values for the Fe-based amorphous metals of
interest here, and the crystalline reference materials, which include Type 316L stainless steel and
Ni-based Alloy C-22, have been calculated using the following equations. Equation 1 has been
used for estimating the PREN for nickel-based alloys, and accounts for the beneficial effects of
Cr, Mo, W and N on corrosion resistance [15].

PREN =[%Cr]+3.3x[%Mo + %W ]+ 30x[%N] (1)

However, this equation was used to predict comparable corrosion resistance for Alloys C-276
and Alloy C-22, while Alloy C-22 was known to be more corrosion resistant. An equation that
has been used to make reasonable predictions of the relative corrosion resistance of austenitic
stainless steels and nickel-based alloys such as Alloy C-22 is [16].

PREN =[%Cr]+3.3x ([%Mo] +0.5x [%W 1)+ k x[%N] 2)

The factor k is an adjustable parameter used to account for the beneficial effects of nitrogen.
Reasonable values of the factor £ range from 12.8 to 30, with 16 being accepted as a reasonable
value [17]. Estimates used to guide this alloy development were based on the assumption that the
value of k is 16. PREN values calculated with Equation 2 indicated that the resistance of the
SAM2XS5 and SAM1651 amorphous metal formulations should be more resistant to localized
corrosion than Type 316L stainless steel or nickel-based Alloy C-22. As in the case of crystalline
Fe-based and Ni-based alloys, it was found experimentally that the addition of Cr, Mo, and W
substantially increased the corrosion resistance of these amorphous alloys. Additional passive
film stability may have been observed, which cannot be attributed to composition alone, and may
be attributable to the glassy structure. Additional work is required to further understand the
relative roles of composition and crystalline structure in high-performance amorphous metal
coatings, such as the ones discussed here. An obvious deficiency associated with the use of a
parameter based on chemical composition alone to assess the relative corrosion resistance of
both crystalline and amorphous alloys is that microstructural effects on passive film breakdown
are ignored. The lack of crystalline structure is believed to be a key attribute of corrosion
resistant amorphous metals.

Compositions with high concentrations of boron and good corrosion resistance, such
SAM2X5, may benefit applications such as the long-term storage of spent nuclear fuel with
enhanced criticality safety [19-22]. In regard to such high temperature applications, it has been



shown that the corrosion resistance of such iron-based amorphous metals is maintained at
operating temperatures up to the glass transition temperature [19-20]. The upper operating
temperature for such materials is believed to be about 570°C (T, = 579°C). Above the
crystallization temperature (Tx = 628°C), deleterious crystalline phases formed, and the corrosion
resistance was lost.

Experimental
Melt Spun Ribbons

Maximum cooling rates of one million Kelvin per second (10° K/s) have been achieved
with melt spinning, which is an ideal process for producing amorphous metals over a very broad
range of compositions. This process was used to synthesize completely amorphous, Fe-based,
corrosion-resistant alloys with near theoretical density, and thereby enabled the effects of coating
morphology on corrosion resistance to be separated from the effects of elemental composition.
The melt-spun ribbon (MSR) samples produced with this equipment were several meters long,
several millimeters wide and approximately 150 microns thick.

Thermal Spray Coatings

The coatings discussed here were made with the high-velocity oxy-fuel (HVOF) process,
which involves a combustion flame, and is characterized by gas and particle velocities that are
three to four times the speed of sound (mach 3 to 4). This process is ideal for depositing metal
and cermet coatings, which have typical bond strengths of 5,000 to 10,000 pounds per square
inch (5-10 ksi), porosities of less than one percent (< 1%) and extreme hardness. The cooling rate
that can be achieved in a typical thermal spray process such as HVOF are on the order of ten
thousand Kelvin per second (10* K/s), and are high enough to enable many alloy compositions to
be deposited above their critical cooling rates, thereby maintaining the vitreous state. However,
the range of amorphous metal compositions that can be processed with HVOF is more restricted
than those that can be produced with melt spinning, due to the differences in achievable cooling
rates. Both kerosene and hydrogen have been investigated as fuels in the HVOF process used to
deposit SAM2XS.

X-Ray Diffraction

The basic theory for X-ray diffraction (XRD) of amorphous materials is well developed
and has been published in the literature [23-24]. In an amorphous material, there are broad
diffraction peaks. During this study, XRD was done with CuK, X-rays, a graphite analyzing
crystal, and a Philips vertical goniometer, using the Bragg-Bretano method. The X-ray optics
were self-focusing, and the distance between the X-ray focal point to the sample position was
equal to the distance between the sample position and the receiving slit for the reflection mode.
Thus, the intensity and resolution were optimized. Parallel vertical slits were added to improve
the scattering signal. Step scanning was performed from 20 to 90° (20) with a step size of 0.02°
at 4 to 10 seconds per point, depending on the amount of sample. The samples were loaded into a
low-quartz holder because the expected intensity was very low, thus requiring that the
background scattering be minimized.



Cyclic Polarization

The resistance to localized corrosion is quantified through measurement of the open-
circuit corrosion potential (E.,.), the breakdown or critical potential (E .iica), and the
repassivation potential (£,,). Spontaneous breakdown of the passive film and localized corrosion
require that the open-circuit corrosion potential exceed the critical potential:

Ecurr 2 Ecritical (2)

The greater the difference between the open-circuit corrosion potential and the critical potential
(AE= Eiticai - Ecorr), the more resistant a material is to modes of localized corrosion such a
pitting and crevice corrosion. In integrated corrosion models, general corrosion is invoked when
E o 1s less than Eisicar (Ecorr < Ecriricar), and localized corrosion is invoked when E,,,, exceeds
Ecvitical. Measured values of the repassivation potential (£,,) are sometimes used as conservative
estimates of the critical potential (£, iicar).

Different bases exist for determining the critical potential from electrochemical
measurements. The breakdown or critical potential has been defined as the potential where the
passive current density increases to a level between 1 to 10 pA/em?® (10° to 10° A/ecm?) while
increasing potential in the positive (anodic) direction during cyclic polarization or potential-step
testing. The repassivation potential has been defined as the potential where the current density
drops to a level indicative of passivity, which has been assumed to be between 0.1 to 1.0 pA/cm’
(107 to 10 A/em?), while decreasing potential from the maximum level reached during cyclic
polarization or potential-step testing [13-14, 25]. An alternative definition of the repassivation
potential is the potential during cyclic polarization where the forward and reverse scans intersect,
a point where the measured current density during the reverse scan drops to a level known to be
indicative of passivity.

Cyclic polarization (CP) measurements was based on a procedure similar to ASTM
(American Society for Testing and Materials) G-5 and other similar standards, with slight
modification [26-27]. The ASTM G-5 standard calls for a 1N H,SO4 electrolyte, whereas
synthetic bicarbonate, sulfate-chloride, chloride-nitrate, and chloride-nitrate solutions, with
sodium, potassium and calcium cations, as well as natural seawater were used for this
investigation. The natural seawater used in these tests was obtained directly from Half Moon Bay
along the northern coast of California. Furthermore, the ASTM G-5 standard calls for the use of
de-aerated solutions, whereas aerated and de-aerated solutions were used here. In regard to
current densities believed to be indicative of passivity, all data were interpreted in a manner
consistent with the published literature.

Temperature-controlled borosilicate glass (Pyrex) electrochemical cells were used for
cyclic polarization and other similar electrochemical measurements. Each cell had three
electrodes, a working electrode (test specimen), a reference electrode, and a counter electrode. A
standard silver silver-chloride electrode, filled with near-saturation potassium chloride solution,
was used as the reference, and communicated with the test solution via a Luggin probe placed in
close proximity to the working electrode, which minimized Ohmic losses. The electrochemical
cell was equipped with a water-cooled junction to maintain the reference electrode at ambient
temperature, which thereby maintained integrity of the potential measurement, and with a water-
cooled condenser, which prevented the loss of volatile species from the electrolyte.



Results

X-ray diffraction (XRD) of Fe-based amorphous-metal melt-spun ribbon (MSR) samples
is shown in Figure 1. These data show amorphous structure, with the absence of crystalline
phases known to be detrimental to corrosion performance.

Cyclic Polarization (CP) data for three Fe-based amorphous-metal MSR samples in 5SM
CaCl; at 105°C, including SAM27, SAM2XS5, and SAMA40, are given in Figure 2. The SAM2X5
has enhanced Mo concentration. MSR samples with higher Mo content have superior corrosion
performance. A comparison of differences between the observed repassivation potential and
corrosion potential for various MSR samples of Fe-based amorphous metal in natural seawater at
90°C, deduced from cyclic polarization data, is given in Figure 3. Similarly, a comparison for
samples in natural seawater at 30°C is given in Figure 4. A comparison of differences between
the observed repassivation potential and corrosion potential for MSR samples of Fe-based
amorphous metal in SM CaCl, at 105°C is given in Figure 5. Data for other alloys and non-MSR
amorphous metal samples are provided in these figures for comparison.

CP data for two different forms of SAM2XS5 in 5M CaCl, at 105°C are given in Figure 6.
The SAM2XS5 samples tested included a full-density MSR sample and an early HVOF coating,
with partial devitrification. Similarly, CP data for two forms of SAM1651 in natural seawater
(SW) at 90°C are given in Figure 7. The SAM1651 samples tested included a full-density MSR
sample, and an early HVOF coating, with possible partial devitrification. In general, the MSR
samples exhibit better passive film stability than the early HVOF coatings with partial
devitrification.

CP data for three Fe-based amorphous-metal HVOF coating samples in natural seawater
at 90°C are given in Figure 8. The coating compositions evaluated included: SAM40XV,
SAM1651, and SAM2XS5. In the case of heated seawater, the SAM2X5 coating, which has
enhanced Mo concentration, had the best corrosion performance.
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Figure 1. XRD of Fe-based amorphous-metal MSR samples shows amorphous structure, with the
absence of crystalline phases known to be detrimental to corrosion performance.
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Figure 2. CP of three Fe-based amorphous-metal MSR samples in SM CaCl; at 105 C: SAM27,
SAM2XS5, and SAM40. The SAM2XS5 has enhanced Mo concentration. MSR samples with higher

Mo content have Superior corrosion performance.
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Figure 3. Comparison of differences between the observed repassivation potential and corrosion
potential for various MSR samples of Fe-based amorphous metal in natural seawater at 90 °C,
deduced from cyclic polarization data. Other alloys and non-MSR amorphous metal samples are

provided for comparison.
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potential for MSR samples of Fe-based amorphous metal in natural seawater at 30 °C, deduced
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Figure 5. Comparison of differences between the observed repassivation potential and corrosion
potential for MSR samples of Fe-based amorphous metal in SM CaCl; at 105 °C, deduced from
cyclic polarization data. Other alloys and non-MSR amorphous metal samples are provided for
comparison.
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Figure 6. CP of two different forms of SAM2X5 in SM CaCl; at 105 °C including a full-density

MSR sample, and an early HVOF coating, with partial devitrification. The MSR sample
exhibited better passive film stability than the early HVOF coating with partial devitrification.
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Figure 7. CP of two forms of SAM1651 in natural seawater (SW) at 90 °C including a full-density

MSR sample, and an early HVOF coating with possible partial devitrification. The MSR samples
exhibited better passive film stability than the early HVOF coating with partial devitrification.
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Figure 8. CP of three Fe-based amorphous-metal HVOF coating samples in natural seawater at
90 °C: SAM40XV, SAM1651, and SAM2XS. In the case of heated seawater, the SAM2X5 coating,
which has enhanced Mo concentration, had the best corrosion performance.

Conclusions

The hypothesis that the corrosion resistance of iron-based amorphous metals can be
enhanced through application of heuristic principles related to the additions of chromium,
molybdenum, tungsten has been tested with Feso7Cri77Mn; 9M074W 6B152C38S124 (SAM2X5)
and found to have merit. Electrochemical tests show that passive film stability superior to that of
Type 316L stainless steel and comparable to that of Alloy C-22 can be achieved with iron-based
amorphous metals in natural seawater at 30 and 90°C. The passive film on nickel-based Alloy C-
22 started to destabilize at approximately 900 mV vs. OCP. The passive films on melt-spun
ribbons of SAM2X5 maintained stability at applied potentials greater than 1500 mV vs. OCP,
with destabilization observed at 1600 mV.



The passive film stability and corrosion resistance found with iron-based amorphous
metals depends upon the form being tested. For example, melt-spun ribbons and ingots have
been found to have better passive film stability and corrosion resistance than thermal spray
coatings. No significant level of Cr,B, WC, M,3Cs and bec ferrite was detected in the melt spun
ribbons, whereas distinct peaks representing these crystalline phases were observed in the XRD
of thermal spray coatings.
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